In this paper, we describe a physicomathematical model of the processes that occur in a sodium circuit with a variable flow cross-section in the case of a water leak into sodium.
Introduction
Different types of steam generators are used in the second circuit of fast sodium-cooled reactors. Damage to the heat exchange surface of a steam generator results in the leakage of water into sodium. Sodium reacts violently with water (vapor). The reaction is accompanied by the release of energy and a significant rise in temperature. The general phenomena observed during the wateresodium reaction is systematically described in [1] . The task of analyzing the consequences of an accident caused by a sodiumewater steam generator intercircuit leak is relevant for the justification of steam generators safety. Of great concern is the potential pressure growth in the sodium circuit as a result of sodiumewater reaction. Full-scale field research on the consequences of large water leaks in sodium for various types of steam generators is not always possible. Therefore, computer modeling is generally used.
A large water leak can lead to unallowable loads on the circuit elements until their destruction. In order to model large leak effects reliably in a fast reactor sodium circuit, at least three principal factors must be determined: the parameters in the sodiumewater reaction area; hydrodynamic parameters in the sodium circuit; and expansion tank parameters. Based on one of the approaches [2] a computer code was developed where the so-called piston model was implemented. In this model, the wateresodium reaction products form an expanding bubble that gradually displaces sodium from the circuit. In this case, gas parameters are determined within the framework of the model with lumped parameters, whereas the sodium flow in the circuit is considered as a one-dimensional (1-D) adiabatic transient flow of one-component incompressible fluid. A similar model was used to develop the well-known code SWAAM-LT [3] , based on the 1-D incompressible single-phase flow model.
Simplifying assumptions made in the piston model narrow the area of the code applicability and reduce the accuracy of code predictions. The deficiencies of the simplified approach are revealed more vividly in the attempt to use the code with the piston model with the aim of analyzing the processes caused by water leaks in large-size heat-exchanging modules with big sodium flow cross-sections and significant sodium flow rates. Thus, the task of developing a physicomathematical model that eliminates the main deficiencies of the one-component piston model is becoming more topical. This problem was partially solved by SWAT-13/SWAT-13E codes [3] , based on the 1-D two-phase flow model.
In the proposed improved approach, the sodium circuit is presented in the form of a combination of two models: a 1-D model with distributed parameters, that describes dynamics of the parameters in all the circuit elements (sodiumewater reaction region included), with the exception of expansion tank volume; and an expansion tank model built as part of the model with lumped parameters.
These two models are cross-linked in the expansion tank inlet and outlet points. A 1-D one-velocity three-component model is suggested for the variable cross-section circuit to describe thermo-hydraulic processes in the circuit. Sodium, hydrogen, and sodium hydroxide are considered as components of this mixture. In this case, hydrogen is assumed to be an ideal gas and its solubility in sodium is taken into account. Consideration is also given to the dependence of sodium and sodium hydroxide on pressure and temperature.
2.
The system of equations for the model to describe thermohydraulic processes in a 1-D circuit with a variable cross-section
The system of equations of the one-velocity three-component model of equal pressure includes the following differential equations.
Mass balance equation for each component:
where indices 1, 2, and 3 refer to sodium, hydrogen and sodium hydroxide, respectively; 3 i ¼ the ith component volume fraction; r i is the ith component density; t ¼ time; S ¼ flow cross-section area of the channel; u ¼ component mixture velocity; and x ¼ length coordinate. The source terms s
on the right-hand side of Eqs. (1)e(3), describe sodium loss as a result of sodiumewater reaction and hydrogen and sodium hydroxide ingress into the circuit at the leak point, and the s out 2 term describes hydrogen solubility in sodium.
Mixture momentum balance equation:
where: F TR ¼ friction losses in the channel; F pump ¼ pump head source; sin b ¼ current slope of the circuit axis relative to horizontal; g ¼ gravity factor; and r ¼ average mixture density that is calculated by the formula:
Energy balance equation for each component: term describes hydrogen-sodium energy exchange as a result of hydrogen solubility in sodium.
Heat transfer among the components is described by the terms Q 142 , Q 143 , Q 243 , and heat exchange with a pipeline wall, by the terms Q 14w , Q 24w , Q 34w in Eqs. (6)e(8).
Component balance equation
Equation of state for each component
The properties of the compressibility and temperature expansion of sodium and sodium hydroxide are described in linear approximation. It is assumed that hydrogen behaves as an ideal gas.
where R ¼ universal gas constant; and m 2 ¼ hydrogen molar weight. Therefore, the system of Eqs. (1)e(12) proposed for the description of thermohydraulic processes in the sodium circuit of fast reactors comprises 12 equations for 12 unknowns: u, p, T 1 , T 2 , T 3 , 3 1 , 3 2 , 3 3 , r 1 , r 2 , r 3 , r. In order to close the system, it is necessary for it to be complemented with adequate expressions for the source terms on the righthand side of mass and energy balance equations and with correlations in the right part of the momentum balance equation to determine friction losses and pump head source.
In order to calculate heat transfer among the components, it is proposed that the following three-component flowpattern diagram be used. It is assumed that at relatively low concentrations of sodiumewater reaction products in the sodium flow, ð 3 2 þ 3 3 Þ 3 b ( 3 b ¼ the top boundary of the bubble flow), the bubble flow takes place when the main carrying medium is sodium, and foreign particulates represent hydrogen bubbles that in their turn are partially filled with sodium hydroxide. Subsequently, with the growth of volume fraction filled with bubbles, these particulates start to coagulate and at 3 r ð 3 2 þ 3 3 Þ the so-called annular-dispersed flow sets in ( 3 r ¼ the bottom boundary of the annular-dispersed flow). In this case, sodium forms an annular film on the channel wall and sodium hydroxide moves as separate drops in the hydrogen flow.
In the transient area, when 3 b < ð 3 2 þ 3 3 Þ < 3 r , the expressions for flows are estimated through interpolation between the values calculated for hydrogen and hydroxide fractions at the bubble flow interface and the values calculated at the annular-dispersed flow interface.
3.
Thermal model of sodiumewater reaction area. Source terms of the system of physicomathematical model equations
In the course of the development of the model of processes that occur in large leaks of water into sodium, a first-order chemical reaction of sodiumewater interaction is assumed to be considered:
where Q stands for reaction heat. In the proposed model, consideration is also given to the hydrogen gas-sodium reaction:
However, the reaction heat, Eq. (14), is not taken into account as it is negligible.
The chemical sodium hydroxideesodium reaction is also neglected due to its insignificant effect on the main process parameters.
The principal assumptions in the physical modeling of the sodiumewater reaction area are the following:
À an isochoriceisothermal model of sodiumewater reaction is considered; À the reaction is instant; À generated hydrogen is assumed to be an ideal gas; and À the screening effect of the generated reaction products (that slows down the reaction) on the sodiumewater interaction pattern is not taken into account.
In order to calculate the density of the component mass sources, s
, the following formulae are used:
where G , it is assumed that all the heat generated in the reaction is used to increment the internal energy of the reaction products, with the reaction products heated from the temperature of primary reactants T R to one and the same temperature T K :
where q V,T0 ¼ standard thermal effect of isochoric-isothermal reaction (for the sodiumewater reaction the standard thermal effect value is expressed in terms of water mass,
numbers of reaction components (13); and c V H 2 O ¼ isochoric heat capacity of water. The calculated value of T K is used to determine the specific values of source terms for the reaction products:
Accordingly, the formulae to calculate the density of the reaction product thermal energy sources will be as follows:
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4.
Consideration of hydrogen solubility in sodium
The model assumes that hydrogen dissolves in sodium, with the mass of hydrogen dissolved in sodium (in a unit volume per unit time) s out 2 ¼ f ð 3 2 Þ depending on the hydrogen volume fraction. In order to calculate hydrogen solubility in sodium, the same flow-pattern diagram as that used to calculate heat transfer among the components is used. The model of hydrogen gas solubility in sodium is developed to account for the available empiric values of hydrogen-sodium reaction rate constants [4, 5] .
The amount of outgoing thermal energy of hydrogen is determined by the following formula:
Sodium circuit numerical modeling technique
The technique is developed for a general case when the circuit cross-section depends on the spatial coordinate and this dependence is described by the piecewise constant function.
5.1.
Calculation of hydrodynamic parameters in the uniform cross-section areas of the sodium circuit For the purpose of studying and numerical modeling, the system of equations of the one-velocity three-component model is put down in the form when equations are resolved with respect to time derivatives:
where: 
For the considered equations of state and representative values of physical parameters, the system of equations is hyperbolic and has seven actual characteristic directions:
One of the most effective and economical methods of task numerical modeling for the systems of hyperbolic quasilinear differential equations is the mesh-characteristic method (inverse fixed-mesh method of characteristics) [6] . This method is based on reducing the equation system (26) to the characteristic form:
Next, the finite-difference approximation of the equation system in the characteristic form is performed. Approximation of the expressions U t þ l i U x is performed along the characteristics dx dt ¼ l i , and the solution value at the point of intersection of the characteristic and the straight line, t n ¼ tn, is determined by interpolation using the solution value in mesh nodes, where t is the time step. It should be noted that various ways of approximation and interpolation give various numerical schemes of the mesh-characteristic method.
In this case we use the explicit two-level scheme of the mesh-characteristic method of first-order approximation. The main advantages of the scheme used are monotonicity and ease of implementation.
Put into matrix form, the explicit two-level scheme of the mesh-characteristic method is as follows:
where
t, h is the x-direction step, and t is the t-direction step.
The fulfillment of the CouranteFriedrichseLewy condition sl j;n i < 1 is required for the scheme convergence. Therefore we get the following formulae for the calculation of hydrodynamic parameters in the area of constant crosssection for the time layer t n þ 1 :
where R j;n i ¼ R i ðU jÀ1; n ; U j; n ; U jþ1; n Þ are known functions of hydrodynamic parameters on the time layer t n . we use Eqs. (27) and (33), as well as conditions of continuity of the mass flow rate and dynamic pressure. As a result, we obtain the following system of equations: 
Calculation of hydrodynamic parameters at the points of connection of intervals with different crosssections
The system of Eqs. (45) 
(54)
Initial and boundary conditions
The initial distributions of all the desired variables are set as the initial conditions. As the system of differential Eqs. (26) is hyperbolic, the amount of additional boundary conditions being set must be equal to the amount of characteristics entering the region under consideration through the set boundary [6] , and the rest boundary conditions are determined by the characteristic form (27)e(33).
If the expansion tank is available in the circuit, the boundary conditions are set at the points of connection of the circuit channel and the given tank. These are the points x ¼ 0 and x ¼ L. The pressure in the boundary points is set to be equal to the pressure in the expansion tank:
. The values of all the other parameters in the boundary points are determined using the following formulae:
ffiffiffiffiffiffi ffi m r p 0;n ; (55)
ffiffiffiffiffiffi ffi m r p J;n ; (56)
The values T 10 , 3 10 , T 20 , 3 20 , T 30 , T 1J , 3 1J , T 2J , 3 2J , T 3J are considered known. 
5.4.
Calculation of hydrodynamic parameters of the mixture in the expansion tank Parameters of the mixture components (pressure, temperature, volume fraction) in the expansion tank are considered to be only functions of time. To calculate these parameters we use the component (sodium, hydrogen, sodium hydroxide) mass and thermal energy balance ratios in the mixture area, as well as the component (argon, hydrogen) mass and thermal energy balance rations in the expansion tank gas. Intercomponent heat transfer in the mixture area and in the gaseous cavity, as well as heat transfer on the compensation tank interface surface, are taken into account. The obtained system of ordinary differential equations is solved using the iterative method. The suggested model and mathematical technique were realized in the form of a computer code.
6.
Testing the code on experimental data A general view of the experimental facility sodium loop is shown in Fig. 1 .
The facility represents an isothermal sodium loop designed to comprehensively study and test the elements and subsystems of a fast reactor NPP (BN-600 type) steam generator automatic protection system, as well as to study the processes of sodiumewater interaction and reaction product spread in the sodium circuit.
The facility sodium circulation loop comprises ( Facility experiments were performed by injecting superheated steam prepared in a special system into the sodium using an injecting device, which was set up in the lower part of the steam generator sector model. Sodium flow rates in supply and discharge DN70 pipe lines were registered using magnetic flow meters (7). Pressure alteration in the expansion tank gas and steam preparation system was also registered. Unfortunately, the pressure in the area of sodiumewater reaction was not measured. Table 1 shows the initial parameters characterizing the facility condition before the injection for four various tests. The tests differed in the supplied steam flow rate and total amount of steam fed into the loop during the experiment.
Results and discussion
Figs. 2e5 show the comparison of calculations performed using the developed technique with the experimental data. In addition, Fig. 2 shows calculation data without considering hydrogen solubility as well as calculation results using the piston model. Fig. 2 (Positions A and B) suggests that the piston model adequately describes only the initial stage of the process, greatly overestimating pressure inside facility elements in the latter stages. It can be seen in the same figure that neglecting hydrogen solubility also results in pressure overestimation.
Comparison of calculation data with other experiments (Figs. 3e5) indicates that the suggested technique adequately reflects long-term processes at various steam flow rates into the loop.
A rather good agreement between calculations and experimental data for the pressure in the gas cavity of expansion tank (Position B) is shown. Calculations of flow rates in the inlet pipeline and in the outlet pipeline of a steam generator model (Positions C and D) reproduce experimental data qualitatively, and at some time points, quantitatively.
Movement of gaseous hydrogen (considerable decreases and pulsations of a mass flow rate in the outlet pipe), separation of gaseous hydrogen in expansion tank (lack of pulsations of a mass flow rate in the inlet pipeline) are well modeled and calculated data reach the steady state after the sodiumewater reaction was stopped.
The results of comparison on dynamics of pressure in expansion tank and the sodium flow rate in a sodium circuit allow us to assume that calculated values of equilibrium pressure in a sodiumewater reaction zone correctly reflect real values of pressure. Nevertheless, further improvement of the developed technique and validation of the code by means of the available experimental data is planned.
To summarize, it is fair to say that the suggested onedimensional model makes it possible to make a more precise description of long-term thermohydraulic processes in sodium loops during steam inflow, including the pressure estimation. The latter is particularly important as the pressure inside the sodium loop is one of the main parameters used to draw conclusions about its integrity maintenance in the case of a big water leak into sodium in the steam generator.
Conclusion
A physicomathematical model was developed for numerical simulation of hydrodynamic processes (within the model of a 1-D thermally nonequilibrium three-component gaseliquid stream) that occur in sodium circuits that have a variable flow cross-section in the case of a water leak into sodium. The mesh-characteristic method was chosen (inverse fixed-mesh method of characteristics), as it is one of the most effective and economic methods of numerical modeling for hyperbolic quasilinear differential equation systems.
The proposed model and calculation technique have been realized in the form of a computer code.
A computer code was tested on experimental data obtained from the injection of water vapor into sodium at the Russian sodium loop named MT facility.
Results gained from a comparison of calculations with experimental data, lead us to conclude that the proposed technique adequately reflects the transient behavior of the relevant parameters during the hydrodynamic processes that occur in sodiumewater interaction in a sodium circuit.
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